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ADS TRACT 

A NUCLEAR SPACE power system — the S P-100 — is 
being developed for future missions where large 
amounts of electrical power will be required. 
Although it ie primarily intended for unmanned 
spacecraft) it can be adapted to a manned space 
platform by tethering it above the station through 
an electrical transmission line which isolates the 
reactor far away from the inhabited platform but 
conveys its abundant power back to where it is 
needed. The transmission line, used in conjunc- 
tion with an instrument rated shield, attenuates 
reactor rndiation in the vicinity of the space 
station to less than one-one hundredth of the 
natural background which is already present. This 
combination of shielding and distance attenuation 
is less than one-tenth the mass of boom-mounted or 
onboard man-rated shields that are required whr . 
the reactor is mounted nearby. This paper 
describes how connection is made to the platform 
(configuration, operational requirements) and 
introduces a new element — the coaxial transmis- 
sion tube — which enables efficient transmission 
of electrical power through long tethers in space. 
Design methodology for transmission tubes and tube 
arrays is discussed. An example conceptual design 
is presented that showB SP-100 at three power 
levels — - 100 kWe, 300 kWe, and 1000 kWe — con- 
nected to space station via a 2 km HVDC transmis- 
sion line/tether. Power system performance, mass, 
and radiation levels are estimated with impactB on 
space station architecture and operation. Specif- 
ically, a tethered nuclear power syBtem weighing 
from 4-1/2 to 25 metric tons, including tether and 
shield, can deliver 100 to 1000 kWe continuously 
for 7 yr with -a reactor attributable radiation 
flux, as measured in the immediate vicinity out- 
side the station, of less than 3 mrern per hr. 
Compared with solar power sources, the tethered 
SP-100 offers considerable simplification to space 
station architecture, orientation and operations 
and reduces orbital drag, at equivalent power 
levels, by fuctors ranging from 2.6 to 53. 


INTRODUCTION 

As the space statior program moves forward 
towards the next century its emphasis will expand 
beyond the present modest goal of continuous man- 
ned presence in low earth orbit for scientific 
research and observations, to more ambitious 
objectives which treat near-earth space an an 
environment to be exploited, rather than just a 
frontier to be explored. With the coming indus- 
trial experiments that are now being planned, 
there is a growing realization that more facility 
power will be required onboard than has previously 
been considered for space station. 

The IOC (Initial Operating Capability) sta- 
tion of the Reference Configuration Descrip- 
tion, (1)* shown in Fig. 1, is solar powered, in 
the form of large photovoltaic arrays and regener- 
ative hydrogen-oxygen fuel cells for storage. 

Solar thermal power systems are also under con- 
sideration, since their collection is more effi- 
cient and thus requires less area, giving it the 
capability to grow to somewhat higher power levels 
than photovoltaic s (the solar thermal power system 
option for the IOC station, at 80 kWe, is tabu- 
lated alongside the 75 kWe photovoltaic implemen- 
tation for -omparison in Table 1 ). They would 
use a heat engine (Urayton, Rankine or Stirling) 
combined with receiver thermal storage to allow 
continuous operation through the dark side of the 
orbit. According to the mission requirements 
working group (MWRG) mission model (2), onboard 
power demand will grow steadily from the IOC 
installed capability of 75 kWe to 300 kWe by the 
year 2000. 

This transition from IOC to growth space 
station raises the issue of sources. For modest 
power levels (within 100 kWe) in low earth orbit, 
it is generally agveed that solar sources are the 
easiest to implen'.rt despite the collector area, 
sun tracking mecho tisms and dark aide energy 


*Numbers in parentheses designate references at 
end of paper. 



storage that is required. but as facility power 
demand rises past this level, implementation of 
solar power becomes increasingly difficult. This 
is due mainly to the linearly increasing amounts 
of collector area that are required to provide 
higher power. Growth to 300 kWe will entail a 
roughly fourfold iut'^ase in power system mass 
nr.d drag cross section over the IOC. Growth to a 
megawatt will multiply these penalties by a factor 
of 13. 

Clearly, power demand will grow as the space 
station maturea. It will probably grow beyond the 
300 kWo currently predicted, which is based upon 
the MWKC analysis of currently anticipated space 
station missions. The mission model is considered 
the most reasonable estimate available but it is 
conservative since it only considers those mis- 
sions most likely to be approved within antici- 
pated programmatic and funding constraints, not 
the Cull set of all missions, including potential 
commercial opportunities, which are included In 
itu date base. The 300 kWe estimate does not 
ulLow for unanticipated power demands, such us 
might occur following bettor-thon-expected tesults 
from a materials processing experiment. Potential 
for growth is a fundamental part of continuous 
manned presence in space; therefore, a desirable 
attribute for space station is the flexibility to 
accommodate unplanned growth. When the electrical 
power consumptions associated with such potential 
industrial operations as RF induction heating 
contniner-less melt processing are considered, 
there is strong incentive to look at power sources 
that can accommodate this growth, at the multi- 
hundred kWo level, more readily chan solar. 

THE SP-100 POWER SOURCE 

There is a nuclear space power system now 
under development that could meet all of the known 
(and currently projected) space station needs. 

This power system, known as the SP-100, is the 
nuclear reactor system thot is being developed 
jointly by the DOD, NASA and the DOE for future 
space missions, both civil and military, where 
large amounts of onboard power will be required 
(3). Initial focus has been on the 100 kWe class 
space power system, but its technology is scale- 
able to higher power. The technology development 
program, which lias been recently taken in under 
the aegis of the Strategic Defense Initiative 
(SD1), essentially continues work originally begun 
in the late 1950's, Chen almost abandoned after 
the Apollo era, to develop high performance aux- 
iliary space power sources. The SP-100 program 
timetable coincides roughly with che launch and 
early operations of the IOC station. In its 
present stage e£ development, SP-100 is a generic 
class of reactor power system because there are 
several combinations of reactor and conversion 
technologies that can be used (4). The system 
shown in Fig. 2 is based on liquid metal cooled 
reactor technology and free-piston Stirling power 
conversion. Other SP-100 system designs include: 


(1) liquid metal cooled reactor/ihermoalectric 
direct conversion 

(2) liquid metal cooled rcactor/in-core 
thermionic a 

(3) liquid metal cooled reactor/brayton 
turbogenerator 

All of those designs are directed to meet the 
specifications given in Table 2. At 100 kWe 
delivered to the user, they will weigh less than 
3000 kg and will occupy, In stowed configuration 
before deployment, Icbs than one-third of the 
space shuttle cargo bay. Table 3 gives a repre- 
sentative mass breakdown, at three output power 
levels, of SP-100.* The ] 00 kWe system is a 
"generic" baseline design sired co meet the 
Table 2 requirements. The 300 kWe system is a 
"growth version" which would result if the base- 
line technology 100 kWe design was scaled to 
300 kWe. The 1000 UWe system extends the scaling 
to megawatt sire, nearly tho largest complete 
cys:em that can be deployed from the orbiter pay- 
load bay without resorting to on-orbit assembly. 

Compared to other space power systems in this 
range, the unmanned nuclear system is lighter and 
more compact, mainly because of its internal 
energy source — a fission reactor — and because 
Che reactor is not shielded like the terrestrial 
nuclear system. On earth the reactor must be 
totally surround. .d by shielding and containment, 
to prevent release of fission products and life- 
threatening radiation to the environment. In 
space, however, there is essentially no environ- 
ment to protect and, if the system is not manned, 
no human life to endanger. The radiation shield 
can therefore be minimal — a barrier between the 
reactor und the more vulnerable components that 
reside with the balance of plant and nearby user 
payload. The shield provides a "shadow" which 
attenuates reactor radiation just enough to limit 
the accumulating physical damage to a level com- 
mensurate with reasonable confidence the equipment 
will survive. For on SP-100 instrument-rated 
shadow shield, the dose plane specification (6) 
measured 25 m behind the shield as shown in Fig. 3 
is : 

Accumuloted gamma dosage: 5x’.0^ rad 

Fast neutrons absorbed: 10 ^ nv t 

over an operational lifetime of 7 yr. This is a 
reduction of about five orders magnitude from the 
unshielded reactor radiation flux, and in human 
dosage is equivalent to about 15 rem per hr — 
certainly a fatal dose rate, if it is allowed to 
accumulate over a few hours time. 

For unmanned missions, this shielding 
practice is adequate because all hardware, 
including the power conversion system and 
radiator, is located behind the reactor and 


*Based on Stochl and Green (5) and corollary 
scaling relationships. 
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within the Bhadow created by the shield. The user 
spacecraft also lies within the shadow, behind the 
power system, to prevent backscattcr o£ the out-of- 
shadow radiation into the shadow zone. When the 
user subsystems nra of large dimension, such as 
radar antennas or low temperature radiators, the 
power system is translated forward further by 10 
to 50 moters on an extended boom oo that the diam- 
eter of the shadow cone -- which subtends a solid 
angle of 35° to 70° -- widens enough to mask these 
surfaces as well. As distance behind the shield 
is increased, the radiation is also further atten- 
uated according to the well-understood inverse- 
square law. 

Since the shadow extends only in a conical 
zone surrounding the spacecraft, any vehicle that 
uses this power system creates an exclusion zone 
everywhere outside the shadow, that prevents an 
approach by manned spacecraft once the reactor lias 
been unlocked and gone critical. At any location 
near the reactor powered spacecraft, the intense 
radiation field produced by the unshielded, 
operating reactor precludes human intervention. 

MANNED SPACE STATION 

Historically, the reactor power systems 
designs meant for manned space platforms, includ- 
ing previous SP-100 space station integration 
studies (7), have focused on heavily shielded 
reactors located in close proximity to the station 
itself; from onboard "flying submarine" configura- 
tions that are fully surrounded by four-pi 
spherical shields (Fig. 4(a)), to boom-mounted 
configurations (Fig. A(b)) that jut out from the 
station a few meters away so that shielding thick- 
ness facing away from the spacecraft may be 
reduced somewhat, saving some weight. In all 
these configurations the reactor is fully sur- 
rounded; the shielding thickness is that which 
reduces the radiation dose received by an astro- 
naut during his tenure aboard the station to an 
arbitrarily determined maximum. This exposure 
limit, currently considered to be the largest dose 
that can be safely accumulated by a healthy astro- 
naut with no permanent bone marrow damage, is cur- 
rently set at 35 rem over a 90 day period (8). 

This is equivalent to an average dose rate of 
16.2 mrem/hr. 

The radiation exposure limit exerts a lever- 
aged influence on shield maos since it is a limit 
on total exposure from all sources, including the 
natural background radiation of space (Table A). 
Background radiation varies greatly with orbital 
position and time, and overages about AOO mrem/hr 
at the space station's orbit. Within the space- 
craft interior this dose rate is attenuated by 
about two orders of msgnitude. If the background 
dose rata seen inside the spacecraft is A mrem/hr, 
then, the present total exposure limit can allow 
up to 12 additional mrem/hr to be budgeted for 
the reactor, which exposes the astronaut to four 
times the background dose rote he would get if no 
reactor were present. T.f the total allowable 
dose were lowered for any reason, however (not an 


unreasonable expectation since 16 mrem/hr is over 
five times the equivalent rate dose allowed by 
civil occupational guidelines! ), the incremental 
amount of this reduction would be taken preferen- 
tially from the reactor's radiation allowance. 

In this example, a 50 percent reduction of tolal 
allowable would force the reactor budget to drop 
by a factor of three, while a reduction of total 
allowable to 5 mrem/hr would force it to drop by 
a factor of 12. This represents a significant 
weight penalty for the conventional man-rated 
nuclear system, sinr.e the shield is already its 
largest component. 

The onboard four-pi shield of the (7) "sub- 
marine" configuration, which must attenuate 
reactor radiation some ten orders of magnitude 
to achieve a reactor-attributed dose rate less 
than 5.72 mrem/hr at a distance of 3 meters from 
the reactor module, weighs 35 to A5 metric tons. 
That is more than 15 times the mass of ail the 
other power system components combined. The 
boom-mounted reactor shield, which keeps the 
5.72 mrem/hr dose rate within the spacecraft but 
allows 200 mrem/hr in any direction away from 
the spacecraft at 30 meters distance, weighs only 
16 to 18 metric tonB; this is still more than 
five times the weight of the other components. 
Nuclear systems provide power in a compact pack- 
age, but the price of operating them in close 
proximity to man is high. 

TETHERED NUCLEAR SPACE STATION 

A different approach to reactor integration 
with manned platforms would be to treat the 
manned platform as a special case of the unmanned 
spacecraft, and use distance instead of shielding 
to provide the necessary attenuation. Suppose 
that a non-man rated nuclear power system were 
used, but that the payload — space station in 
this case — were put behind the power system at 
a very long distance inside the shadow. If the 
power Bystem was 2 km away, for example, the 
shadow zone surrounding the station would be over 
1 km wide — plenty of room for a space station. 
The reactor radiation flux passing through that 
zone immediately outside the station would be, 
(Table A) due to the combination of shielding and 
distance, less than 3 mrem/hr. That is less than 
onc-one hundredth (1/100) of the average natural 
background radiation flux that is already present 
at the space station's planned orbital location. 
An astronaut aboard this station could therefore 
expect to receive a radiation dose that is essen- 
tially the same as what he would receive aboard a 
non-nuclear powered station. 

Implementation of this approach leads to the 
space station concept shown in Fig. 5. The power 
system is connected to the space station via a 
tether which is also on electrical transmission 
line. It generates electrical power, and emits 
radiation and waste heat. Power goes via the 
transmission line to the space station where it 
is used. The combined spacecroft — power system 
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mid space station elements — • or constellationi 
flies in a gravity gradient stabilized orbit. 

All elements of the constellation are linc- 
orientud along the local gravity gradient and 
held together by tension. They are distributed 
around the combined spacecraft center of mass. 

The living quarters and its associated life sup- 
port systems are located at the lowest position 
in the string, counterbalancing the power syBtcm. 
Docking and zero gravity industrial facilities 
are located to coincide with the center of mass. 
Two kilometers above this grouping, at the top of 
the constellation, is the SI*— 100. Its position 
and trajectory are superorbital. While the sta- 
tion below is inhabited and the zone surrounding 
it a site of much activity, the power system is 
unmanned and the zone surrounding it is an exclu- 
sion zone. 

It 1 b possible to extend the tethered con- 
figuration to much longer lengths. This may be 
desired as a means for providing modest levels 
of artificial gravity on board the lower station 
modules. Figure 6 shows the levels of artifi- 
cial gravity that can be attained when the lower 
module flies suborbital, tethered below the com- 
bined spacecraft center of mass (circular orbit). 

The tether/transmission line considered here 
is only long enough to provide radiation attenua- 
tion, however. The orbit differential between 
SP-100 and the station is not sufficient to pro- 
vide much artificial gravity, but it is suffi- 
cient to ensure separation between the reactor 
and manned platform, and stable orbital flight. 
The dynamics of this configuration have not been 
fully characterized, but are similar to the 
tethered satellite (11) which has been treated 
at some length (the reader is directed to the 
summary article by Bekey (12)) in the literature. 

The nuclear source does not require large 
arrays of moving aolar collectors or dark side 
energy storage. Orbital drag is reduced, and the 
EVA exclusion zones associated with solar concen- 
trators and waste heat from thermal power systems 
are no longer a dominant consideration. Shuttle 
approach, maneuvering and docking are simplified 
and manned EVA, including assembly of large 
structures, is facilitated. The space station is 
allowed more freedom in its attitude and orien- 
tation since the only requirements imposed are 
those related to gravity gradient stablized 
flight. 

The configuration offers advantages over con- 
ventional nuclear concepts because, while the 
abundant power produced by the nuclear source 
comes down the tether to the platform, the 
intense radiation and waste heat do not. The 
ractor is located a safe distance away from the 
active portion of Bpace station where operations 
and experiments take place; therefore it does not 
interfere with these activities, nor does it 
impose, aside from the need to maintain a balance 
about the deaired center of mass, architectural 
constraints on new construction. 

The tethered nuclear concept overcomes two of 
the traditional drawbacks associated with space 


reactor power systems used for mnnncd platforms 
(shielding weight, onboard radiation). It does 
not escape, however, the other critical issues 
which confront operation of space reactorr in low 
earth orbit. Thoso include considerations of 
policy, safety, environmental and radiological 
hazards, and concern for what happens to the 
reactor after it has been used. Duo to these 
concerns there has developed, within the United 
States and internationally, a body of regulations 
which impose strict requirements on how space 
reactors ore launched and operated. 

International law, which is embodied in the 
United Notions "Guidelines concerning the Use of 
Nuclear Power Sources in Outer Space," imposes 
general requirements aimed at minimizing the 
radiological riak to the world's population from 
nuclear missions, and ensuring that no individual 
within that population, whether connected with 
its operation or not, is exposed beyond currently 
recognized safe exposure limits. 

U.S. policy is more specific. Before a 
reactor powered apace mission can be approved it 
must be subject to rigorous safety analysis that 
determines probabilities and consequences of 
accident and exposure events, and the potential 
risks to personnel, the world's population, aid 
the environment. Every mission is considered 
individually, on a case by case basis. During 
each phase of its development the nuclear powered 
mission must undergo thorough reviews, by three 
independent government bodies. The operator must 
show that the nuclear system's launch and sub- 
sequent operation will present no undue risks, 
and that the remaining risks ure justified by the 
benefits of the mission. Final approval author- 
ity for launch of the spacecraft rests with the 
President. These safety restrictions pose devel- 
opment obstacles not faced by other space power 
technologies. But they are a necessary part of 
reactor power system use, because of the hazards 
involved with nuclear materials, and the severe 
consequences of radiological exposure to human 
life. Whether it is to be used for manned or 
unmanned missions, every space reactor must be 
designed within these restrictions. 

To assure safety during launch and deploy- 
ment, apace reactors are mechanically designed 
sc their elements will remain locked in the sub- 
critical position (unlike isotope sources the 
fission reactor does not become highly radio- 
active until after it has gone critical and fis- 
sion products are created) even if there is an 
accident at the launch pad, or the launch is 
aborted and the reactor core gets damaged or 
submerged (a major consideration since water is 
a moderator). The reactor cannot be unlocked 
until it has arrived at the orbit where it will 
be used. 

On-orbit safety is observed by keeping the 
power system in its inert state through deploy- 
ment, and by not putting the reactor into criti- 
cal configuration until it is on station, far 
away from any manned vehicles. For an unmanned 
nuclear spacecraft launched from shuttle, the 
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reactor la not unlocked or powered up until the 
spacecraft has completed its transfer to finol 
mission orbit. For the tethered SP-100, tho 
reactor will not be unlocked until well after 
its installation, including construction of the 
tcthcr/transmission line, has been completed. 

The deployment scquance, which requires further 
study to clarify several issues, involves assem- 
bling the transmission line from prefabricated 
sections previously brought on-site. These sec- 
tions may bo fully modularized or may require 
additional fabrication before they are joined. 
Next, the inert SP-100 power system will be token 
to the site and installed. On-site system integ- 
rity checks and pro-operational tests will take 
plnce to the extent that they arc required, but 
reactor testing at power will not occur until the 
crewmen have retreated to the manned zore. 

Operational safety during the nuclear powered 
mission involves different concerns when manned 
missions are considered versus unmanned missions. 
For the unmanned system, operational safety is a 
concern that only extends to ensuring that the 
spacecraft and its equipment are sufficiently 
protected to carry out the mission. For the man- 
ned space station power source, however, opera- 
tional safety extends much farther than the 
mission itself because there is human life in the 
vicinity of the operating reactor (even though it 
is located same distance away). Radiation ema- 
natii g from the exposed rnctor creates an exclus- 
ion zone extending several kilometers in all 
directions (Fig. 7) from the reactor side of the 
shield. EVA is not permitted inside this zone; 
manned vehicles must avoid it unless they are 
shielded. Normally all traffic remains below 
this area, inside the shadow zone. 

For the shuttle approaching space station for 
orbital rendezvous, additional shielding require- 
ments are imposed since the shuttle must confine 
its approch trajectory to remain entirely within 
the shadow zone, and the shadow must extend far 
enough to ensure that the approaching vehicle 
does not get a higher dose rate than tho station. 
In order to maintain a uniform dose plane that 
extends along the space station orbital track 
from the docking port (the approaching spacecraft 
does not rise above the nlong-track trajectory 
during rendezvous), it is necessary to provide 
additional off-axis shield attenuation which 
tapers off gradually according to off-axis cone 
angle cosine squared. This additional "shaped 
shadow" edge attenuation increases shield mass by 
about 50 percent over the "sharp-edged cutoff" 
shield (70° cone angle) a penalty wnich is reason- 
able, considering the low mass of instrument 
rated shields. 

Operational safety extends to the end of the 
mission, and leads to the question of how the 
reactor will be disposed of when it reaches the 
end of its useful life, or has failed. During 
its operation the reactor has generated an inven- 
tory of actinides and fission products, trans- 
muted compounds which are not only highly 
radioactive but also chemically hazardous ; much 
more so than the unirradiated fuel originally 


loaded. It is not desirable to have those mate- 
rials re-introduced to earth. In time they will 
undergo a process of radioactive decay which 
eventually results in finol compounds loss haz- 
ardous, but this time is measured in centuries. 

If the spent reactor is allowed to re-enter at 
all, it is better to let the decay process take 
place in space, not earth's biosphere. To ensure 
that this happens, the regulations restrict oper- 
ation of nuclear spacecraft to orbits of high 
enough altitude to be considered "nuclear safe;" 
that is, an orbit whose lifetime exceeds 400 yr, 
sufficient time for them to decay. For SP-100* a 
ballistic coefficient this is equivalent to a 
circular orbit greater than 700 km altitude. 

The regulations permit operation at altitudes 
lower than this, but only under the condition 
that tho spent reactor is re-boosted to nuclear 
safe orbit after its mission has been completed. 

Since tho space station operates at lower 
altitude, n tethered power system must include a 
means to remove and reboost its reactor to 
nuclear safe orbit; one that Is demonstrably 
effective under all conditions. Whether it is 
disposing of •. reactor that worked flawlessly 
throughout its life, or getting rid of one that 
suddenly failed, the provision for reboost must 
be virtually guaranteed; otherwise the tethered 
concept is not acceptable. Operating a reactor 
in low earth orbit carries a significant opera- 
tional concern since, as events have shown, auto- 
matic re-boost methods do not always work. 

For the tethered SP-100, end-of-life disposal 
will probably entail removing tho entire power 
system and replacing it with n new unit. Part or 
all of the transmission line may be affected. 
Considering the high degree of integration for 
this power system, and the damage it will have 
accumulated over its lifetime from radiation, 
meteoroids, and material degradation, this 
appears to be the most expedient approach. 

Outage will be minimized by maintaining one or 
more non-nuclear backup power systems for (non- 
industrial) essential loads, and keeping a spare 
ayatem (new, unused, inert reactor) with a stock- 
pile of tether sections on-orbit. 

Disposal under normal conditions may be 
accomplished by remote teleoperntorB and built-it: 
mechanisms that sever the tether connection. The 
telcoperator ensures that the discarded unit is 
attached to an orbital transfer vehicle (0TV) and 
that reboost is properly initiated. The OTV may 
be nothing more than a battery of electric 
thrusters, attached to the power system and 
energized by its residual capacity, that will 
propel it in an outwardly winding spiral path 
over several months, to safe orbit. Once the 
radioactive unit has been removed from the site, 
its replacement can be installed by manned EVA. 

Under emergency conditions reactor disposal 
can be accomplished by one of several possible 
means. The tethered SP-100 allows considerable 
latitude in response to unanticipated events 
because, unlike a robot spacecraft, the payload 
is a manned utility platform. Countermeasures 
can be improvised as necessary when automatic 
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oyatcms Coil and normal disposal maans cannot bu 
used, Consider a worst ease) Cor example, an 
event where the system Cailo at Cull power, dam- 
aging or destroying ItsolC to rho extent whore no 
algnui or response to commando occur, and where 
radiation prevents close onough approach to 
asooos the damage. This event Is an emergency 
because primary power is loot, but It Is not a 
llCe-thrcatcnlng situation, Tha accident site is 
remote and immediate reaction to it is not neces- 
sary, 1C all othur methods Call, the damaged 
reactor can be disposed oC by manned EVA, without 
hazard, Crom tha immediate vicinity oC the sta- 
tion, This is dona by attaching an OTV to the 
tether directly above where it connects to the 
platCorm, then cutting the power system Cree 
SI'-lOO, tether, attached OTV and all. It will 
drlCt upwnrdn seeking a now apogee, an additional 
12 km in this case, wh-le the station drlCts 
downwards by a lesser amount. When the two 
bodies are suCCiciantly separated, the OTV can 
be fired, towing the discarded power plant away. 

SPACE TRANSMISSION LINE 

Implementation of the tethered SP-100 nuclear 
powered space station concept requires develop- 
ment of the tether/transmission line. While 
structural requirements Cor this tether, based 
on the forces required to hold the 3000 kg power 
system in its superorbital position 2 km above 
the constellation center of mass, might be met by 
a common household extension cord (a restraining 
tension of only 22 nt (5 lb) is necessary in the 
absence of perturbations), electrical power 
transmission requirements dictate a mare complex 
structure. For efficient transmission with low 
mass, the line must be high voltage. It must 
operate in the plasma environment of near earth 
space and, at lower orbital inclinations, will 
sweep out high values of geomagnetic flux. The 
environment renders conventional high voltage 
practice unworkable, since the space plasma, 
which varies in density with altitude (Fig. 8) 
essentially limits the voltages used on exposed 
conductor surfaces to 100 to 200 V in low earth 
orbit (14). Conventional spacecraft electrical 
design practice avoids the plasma breakdown 
phenomenon by resorting to lower voltages, and 
allowing some corona loss to the plasma. For a 
2 km transmission line, however, this would lead 
to excessive conductor cross section. The trans- 
mission line muBt not only be a high voltage 
line, but it must be electrically isolated from 
the plasma over its length. 

Due to the uncertain behavior of the space- 
craft plasma interactions over the transmission 
line's length and potential drop, conventionally 
shielded cables or paired wires with layered 
insulation will probably not be adequate. 
Insulation materials degrade quickly in the 
active ion and thermal environment; pinholes, 
breaks or other openings may, depending on the 
electric field seen locally by the plasma, give 
rise to focused leakage currents several times 


t ho thermally predicted denaity, loading to fur- 
ther ionization and breakdown (15). Arcing will 
permanently damage a conventional cablo. If its 
electrical Insulation must cope not only witli the 
stresses of power transmission, which are known, 
but also the spacecraft plasma interactions, 
which arc to some extent still unknown, she 
material requirements for this insulation may 
poso unacceptable development risk for the 
tother/transmission line. 

That risk can be avoided, however, if chu 
transmission line high voltage Insulation can be 
divorced from spacecraft plasma interactions. 

This is the approach tukon here. The electrical 
cross section of the terrestrial transmission 
line's wires is re-configured, into a pair of 
solid wall concentric tubeB (Fig. 9). Then, the 
power circuit (s arranged so that the inside tube 
is used to tarry high voltage from the source to 
the load, while the outside tube provides the 
return path. Figure 10 illustrates how the 
aourco-to-user connection is made for the 
tethered SP-100. The outside tube becomes an 
extension of the spacecraft hull, and is ground 
for source and loads. Power system voltage gra- 
dients do not come into contact with the space 
plasma, but are confined to the annular region 
butwocn the tubes. The transmission line is 
insulated by maintaining a vacuum in this region 
or, alternatively, by filling it with pressurized 
gas . 

This conductor geometry, the coaxial tube, 
comprises the basic element ot the space power 
transmission line. It consists of two concentric 
tubes, or a solid rod inside t tube, held in 
place by open frame shielded spacers, and iso- 
lated from each other by an annular gap. 

Vacuum is the preferred choice of insulation 
for the gap because it is essentially weightless 
(other than the equipment required to maintain 
it) and it is the most rugged form of insulation. 
A properly prepared vacuum gap of modest dimen- 
sion ( 3 mm to 3 cm) will hold off Binusoidally 
alternating voltages up to 50 peak kV/cm separa- 
tion; it can also withstand, when properly con- 
ditioned, up to 80 kV/cm dc (16). What is 
necessary for vacuum insulation is to maintain a 
pressure low enough that the mean free path 
inside the annulus exceeds the gap distance by 
an order of magnitude or better — the Paschen 
limit. For centimeter gaps, n pressure less 
thun 10 -s is required, That is a pressure higher 
than the naturally occurring space vacuum at 
500 km altitude, which suggests that vacuum 
insulation for this line might be achieved by 
simply exposing the unassembled tube sections to 
space and baking them out prior to aosembly. 

Pressurized gas could also be used as an 
insulating medium for the gap. At 1 ATM, both 
Freon 12 (CCL12F2) and sulfur hexaf loride (SF6) 
have dielectric breakdown strengths of approxi- 
mately 75 kV/cm, about two and one-half times 
the value for dry air. This is close enough to 
the breakdown gradient for vacuum that, from an 
electrical insulation standpoint, gas could be 
considered interchangeable with vacuum even 
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though the physical mechanisms loading to break - 
down are different. Resorting to pressurised 
gas would add che complication of reservoirs, 
pumping and preasuro monitoring system to the 
transmission line; on tha other hand, it would 
allow higher line currents duo to improved heat 
transfer. Cap geometry and dimensions would not 
be affected. 

Regardless of the insulating media chosen, 
however, the coaxial tube's annular gap provides 
electrical isolation for the transmission line 
that has severs 1 practical advantages. Its 
breakdown behavior is that of a spark gap; that 
is, standoff capacity does not degrade with use. 
Unlike dielectric insulators, the gap in a prop- 
erly designed system can tolerate repented over- 
voltage and arcing with no loss of standoff 
capacity. That is because the arc, due to the 
plasma locally formed, is a relatively low 
resistance path compared to the conductor mate- 
rial lending to and from it. When an arc is 
struck, its energy will dissipate over a much 
larger bulk volume tliun the surface point it 
touchos. Experiments involving repented dis- 
charges In vacuum over 7.00 kV and AO kA peak 
ill) have shown that only minute quantities of 
electrode surface are vaporized compared to the 
bulk energy which is dissipated. Once the arc 
is allowed to extinguish itself and the localized 
ion cloud to dissipate, the system returns to its 
former state unchanged. The flashover behavior 
of the annular gap is repeatable, and can be 
controlled by design. 

The primary consideration is to ensure that 
arcing, when it does occur, will take place 
across a void and nod along any surface bridging 
the two conductors (For example, dielectric 
standoffs). The coaxial tube teporators 
(Fig. 11) which support the core inside the 
jacket tube employ a standoff design that was 
demonstrated for terrestrial high voltage vacuum 
transmission (18). The standoffs (glass beads) 
are attached to both sides of an intermediate 
cylinder (which is electrically floating) which 
masks them from the walls and forms a positively 
located cquipoCcntinl surface. The arcs ats 
forced to cross the gap at the edge of this 
shield ; keeping them outside the shielded region 
and preventing them from tracking along the bend 
surface. 


DESIGN METHODOLOGY 

The space transmission line assembly consists 
of a regularly spaced array of several tubes, 
grouped in parallel, and enclosed by a cylindri- 
cal meteoroid bumper (Fig. 12). This configura- 
tion is the result of an iterative design 
process, which takes into account the following 
requirements according to the rationale presented 
below: 


minimum maos. Methodology is equivalent to ter- 
restrial practice in tlmt tha allowed power loss 
leads to selection of a working voltage and elec- 
trical cross section. Equal areas arc assigned 
to tha forward and return paths (core and 
jacket). Although their diameter ratio (core Ob 
to jacket ID) is fixed by minimum E field consid- 
erations, the overall tube diameters result 
directly from selection of working voltage Blnce 
they are sized to an E field limit (typically 
30 kV/cm). The electrical cross sections 
obtained can, depending on other requirements, 
be configured into r. single tube or an array of 
several parallel thinwall tubes. Aluminum is 
tha conductor material chosen since it lias the 
highest specific strength for its conductivity. 

METEOROID HAZARD - based on the more pessi- 
mistic estimates of ploBma interaction with 
spacecraft structures over potentials of several 
kilovolts, it is assumed that a single meteoroid 
puncture could disable a tube. Therefore the 
tube must bo so heavily armored an to prevent 
its being punctured by the largest meteoroid it 
may encounter, or it must be paralleled with 
other tubes. Generally, an array of redundant 
tubes is used since redundant elements usually 
give a lower overall system mass and provide a 
known margin of reserve capacity. The method- 
ology used is similar to the meteoroid survival 
approach developed for heat pipe radiators (19, 
20) , where probability that a given number will 
survive out of an original population of identi- 
cal elements is a binomial distribution function 
of the number of nlomonts and the survival proba- 
bility of a single individual tube. 

The transmission tube must be designed to 
resist puncture by all meteoroids no larger than 
a certain size. This size, which is an upper 
limit on what the transmission line can be 
expected to encounter during its life, is esti- 
mated by the meteoroid flux distribution model 
( 21 ): 

log N t “ -1A.37 - 1.213 log M 


where N t is number 
of particles of moss 
M or greater (M is 
between 1 ug and 
1 g) per square 
meter per second. 

The model is used to predict probability that 
a meteorite no larger than mass M will strike 
exposed area A (n times or less) during mission 
time T: 


P (Fewer than n strikes) 


oxp (-N^AT) 



r“o 


POWER TRANSMISSION - The line is designed to 
convey the specified powor over the required 
distance, at a fixed percentage of loss, with 


Since larger areas and longer missions imply 
that larger meteorites will be encountered, there 
is an incentive for reducing transmission tube 
size. 
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The penetration resistance of nn Individual 
tube depends on ltd wall thickness, lor the range 
of raetecroid velocities encountered, impact ener- 
gies are dissipated by hydrodynamic shock rather 
than by fracture, so that thu meteoroid effec- 
tively vaporizes on contact, along with material 
in tho impact zone, because of high velocities, 
wall thickness required to prevent penetration can 
be minimized by separating It inLo two components; 
the relatively thick main wall, and a thin barrier 
of sacrificial material placed in front of tho 
main wall by a buffer space of several meteoroid 
diameters or more. Tho thin wall, referred to as 
a bumper, serves to break up and disperse tho 
incoming meteorite into a cloud of molten droplets 
and smaller fragments which then impact tho main 
wall over a wide urea instead of a single point. 
Penetration resistance can thus be increased not 
only by udded mass in tho form of more material 
thickness, but aLso by added space, in the form 
of wider bumper gaps. 

Figure 13 shows the minimum mass combinations 
of bumper to main wall thicknebB ratio, bumper gap 
versus meteoroid diameter U experimentally deter- 
mined (22) for aluminum projectiles fired into 
aluminum targets at impact velocity V/C “ 6 (C 
in this case is the speed of sound in the solid 
metal). Assuming equivalent meteoroid mass, this 
relation can be used to estimate the wall thick- 
ness, bumper spacing and thickness required to 
prevent tube puncture. 

Application of meteoroid survival criteria 
results in the array of parallel tubes shown in 
Fig. 12. The Individual tubes are all unclosed 
by a common bumper that is spaced at least a mini- 
mum distance away from the outer wall of each 
tube. The array will be arranged in a symmetric 
pattern, made compact so that a cylindrical bumper 
of minimum circumference will enclose it with 
adequate spacing, but spread out enough to lower 
the probability that a single hit will damage 
more than one tube. When individual transmission 
tubes are considered, typically more wall thick- 
ness is required for meteoroid protection than is 
necessary for the power transmission requirements. 
This has negative impact on array mass, but bene- 
ficial impact on other aspectB, since thicker tube 
walls have more cross section and will allow lower 
voltages to be used. 

STRUCTURAL REQUIREMENTS - The tether/ 
transmission line is tho element which holds the 
constellation together against the gravity gradi- 
ent of low earth orbit and forces of orbital 
flight, perturbations due to anomalies, disturb- 
ances caused by station operations such as mass 
transfer, docking and so on. While detailed 
analysis of tethered space station dynamics 
including propulsion system interactions has not 
been made, some useful insight can be gained by 
considering the simple case (23) of a uniformly 
stressed tether in orbit connecting a superorbital 
object of maos M to the constellation center of 
mass. If R is the superorbital radius traversed 
by mass M and Rem is the circular orbit radius 
of the entire constellation, the tether material 


cross section required nt Hem to hold M in 
position is given by the expression: 

» , | rho ... Ale 1 RoR Z 3 lie \\ 

A Ao exp^ CoR« \iT + 2 ^3 * 2 R^]/ 

where rho Is tho maturinl density nnd sig tho 
tenollQ stress; Co is the gravitational force at 
radius He (zero altitude), and the initial cross 
section Ao, at superorbital position H, is 
related to M by: 

. _ HCe Re 2 R Re 2 

A -r -~~r 

R Rem 

At abort tether distances the cross-sectional 
area nnd ito variation are small. The 2 km SP-100 
transmission lino, for exomplo, has more than 
enough cross section anyway, due to tho meteoroid 
survival requirement. Over long tethera, however, 
the exponent term for cross section grows rapidly 
and, for materials of normal specific strength 
(such as aluminum) the tether must be tapered to 
a cross section far in excess of Chat required for 
electrical transmission. If a 250 km tether were 
used to separate SP-100 from space station, for 
example, its cross section nt tho station (assum- 
ing 10 ksi maximum stress) would be more than 250 
times its cross section at SP-100, just to Bupport 
the larger gravity gradient and additional (com- 
pounded) tether mass. 

For tethera of moderate length (2 to 20 km), 
the* design process docs not need to consider the 
structural requirements separately, because the 
material cross section required to satisfy elec- 
trical and meteoroid survival criteria is more 
than adequate to hold the power system against the 
centripetal forces of its su|crorbital position 
(the 2 km tether experiences less than 25 pst 
stress). For these cases the design process can 
be abbreviated to the procedure outlined in 
Fig, 14 (opposite page), whore tensile loading is 
not considered. 


EXAMPLE SPACE STATION TRANSMISSION LINES 

The iterative design process (Fig. 14) was 
used to generate tether/tronsmission lino designs 
for the nuclear powered space station. Three 
cases, corresponding to the reactor power sources 
tabulated previously, were considered: 

(1) 100 kWe transmission line, connecting the 
"generic" SP-100 to space station 

(2) 300 kWe transmission line for growth 
SP-100 

(3) 1000 kWe transmission line that accommo- 
dates a megawatt class SP-100 powering the 
growth space station 

In all three cases, the transmission line require- 
ments were: 
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(1) Two kilomotor sepnrotion 

<2) TronBrniaeloii loan, with oil tubos operat- 
ing, leflo than two percent 

(3) 10 yr rcllnbility (survival probability) 
of 0.99 or greater 

When tliio design proceuo was followed, the 
t retismisolon lino geometry and dimensions shown in 
Figs. 15(a) to (c) resulted, Depending upon ponsr 
lovol, working voltages range from 4.5 to '/. 9 V 
All tuboo wore sized to a gradient of 20 kV/ci„. 

The mass estimate for complcto trunomiofiion line 
assemblies was baued on three coaxial tubes and u 
bumper with additional percentage assessments, 
based on materia) cross section, for the tube and 
bumper supporta, and an additional fractional 
weight, based on annular void volume of each tube, 
tor standoff insulators and vacuum equipment. 
Depending on the power level, transmission line 
assembly masseo ranged from 422 to 1195 kg/km. 

The complcto set of transmission line characteris- 
tics, including design operating conditions, are 
summarized in Table 5. 


EXAMFLt SPACE STATION POWER SOURCES 

With the transmission lines characterized , it 
is possible to estimate the overall sizes, weights 
and drag cross sections of tethered reactor power 
sources. The tethered SP-100 systems, shown In 
Table 6, are adapted from Table 3 by adding the 
tether/tronsmission line and iLs high voltage 
power processing at back end, and substituting the 
heavier "shaped shadow" edge attenuation (which 
maintains uniform dose plane along space station 
orbital track) shield for the original conical 
Bhield. A comparison with the solar sources of 
Table l illustrates how compact man rated nuclear 
power sources can be made through tethering. 

Taking the generic SP-100 system weights and 
frontal area and combining them with the values 
tabulated for the 100 kWe transmission line, we 
obtain a power source that is about half the 
weight of either solar system, and less than half 
the drag area thi6 includes the broadside cross 
section of the 2 km tether. If we combine the 
300 kWe growth SP-100 with the 300 kWe transmis- 
sion lino, the result is a power source slightly 
heavier than the IOC solar system but four times 
the capacity. Its drag cross section, including 
tether, Ib still significantly less (266 versus 
531) than the lowest drag (thermal) solar power 
source. When drag cross section is used as the 
basis for comparison, only the megawatt class 
SP-100 and 1000 kWe tether are equivalent to the 
80 kWe solar thermal system. This source is three 
times as heavy as the solar system; but it 
delivers 12.5 times as much power. 

All of these sources weigh considerably less 
than the shielding which would be required if the 


reactor were mounted near the station. Yet astro- 
naut radiation seen onboard the station tias been 
reduced to essentially the same level ns for non- 
nuclear sources. 


CONCLUS IONS 

Tethering, as we have shown in the foregoing 
dissuasion, appears to be an effective way to 
integrate the 8P-100 nuclear tyslcro with manned 
apace platforms. The advantages over previous 
reoefor power system integration methods include 

il) reduced shield mass and reduced system 
mass 

(2) greatly reduced astronaut radiation 
exposure 

(3) reduced operational hazard 

Tethering is made possible by the coaxiul trans- 
mission tube array, a new element which provides 
an efficient moans of electrical power transmis- 
sion in space with reasonable size and weight. 

The tethered nuclear power sources have signifi- 
cant mass and performance advantages over other 
power aoutces. Therefore the SP-100 nuclear space 
power system should also, when combined with the 
tether/transroission line described here, merit 
further study as a candidate prime power source 
for the manned space station. 
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TABLE 1. - IOC S PACE STATION SOLAN '’OWlill SOURCES 
[JSC 199fc » "Space Station Rcforcnce Configuration Description."] 


Installed power 
(continuously available) 

Photovoltaic 
75 kWe 


Thermal 
80 kWe 

Mass 

collectors 
energy storage 
radiators and 
heat exchangers 

4459 kg 
2289 kg 
A 89 kg 

2-modules 

(Includes concentrators, 
thermal receivers and 
storage, power conversion 
and radiators) 

8400 kg 

PMAD 

899 kg 


899 kg 

Total 

8136 kg 


9300 kg 

Orbital drug 
cross flection 

1784 m 2 


531 m 2 

No, exclusion zones 
in EVA area 

none 


2 


TABLE 2. - SP-100 DESIGN REQUIREMENTS 

Power output: (remaining at and of life) 100 kWe baoeiinc 

300 kWe growth 
1000 kWe megawatt class 

Lifetime: at full power 7 yrs 

power level unspecified 10 yrs 

1 3 

Radiation: (measured inside shadow, fast neutrons 10 1 nvt 

total integrated dose gammas 5xl0 5 rad 

deposited in silicon, 
dose plane loccted 25 m 
behind shield) 

Safety: meets OSNP-l , "Nuclear Safety Criteria and Specifications for Space 

Nuclear Reactors," DOE 

meets NHB1700.7A , "Safety Policy and Requirements for Payloads Using 
the Space Transportation System," NASA 

meets JSC 13830 , "Implementation Procedures for 515 Payloads System 
Safety Requirements," NASA JSC 

meets JPL 601-4 rev A , "JPL Flight Projects Safety Guidelines and 
Requirements," NASA JPL 

Reliability: 95 percent probability of success (no failures); no single point 

failures 

Environment: any sun - relative orientation at 1 All; any location within 

Van Alien belt 

Size and weight (to bussbar, 100 kWe system): 3000 kg, and less than 1/3 

shuttle cargo bay 








TABLE 3. - MAS 6 SUMMARY FOR REPRESENTATIVE 6P-100 SPACE 
REACTOR POWER SOURCES 


Mass, kg 

100 ~kW o~ 



Reactor (1100 °K) 1 

| 

400 

510 

6B5 

Shlald (Instrument rated, conical shadow) 

350 

565 

950 

Power conversion system and heat transport 
(Stirling engine, 1.9 temperature ratio) 

1010 

2460 

6950 

Radiator (500 °K main and auxilary) 

730 

2190 

7300 

Power proceosing (to 400 VDC) 

200 

460 

1125 

Structure 

270 

620 

1700 

Total 

2960 

6805 

18710 kg 

Based on Stochl and Green (5) and corollary scaling relationships. 


TABLE 4. - RADIOLOGICAL EXPOSURE FROM SP-1Q0 (100 kWc) 
at 300-400 km ORBIT 


Natural 
background 0 
at orbit inclination: 

Typical space walk 

Within Space Station 

MEV/cm 2 /da 

REM/hr 

MEV/cm 2 /da 

REM/hr 

0° 

10 6 

0.002 

j 10 A 

2xt0' 7 

30° 

2x1 0 10 

• 4 



60° 

~10 u 

2 

Kml, 


90° 

~10 u 

1 

j ~10 9 

.02 


Reactor operating 
gammas 


LOO m from reactor 

no 

1000 

2000 

3160 

10000 


Out-of-shield 
cone REM/hr 


11 

1 

0.1 

.025 

.010 

.001 


In shield 
shadow 
REM/hr 


0.51 

.051 

.0051 

.00125 

.00051 

.00005 


Reactor operating 
fast neutrons 


Out-of-ahield 
cone REM/hr 


In shield 
shadow 
REM/hr 


100 m from reactor 
316 
1000 
2000 
3160 
10000 


1441 
144 
14 
3.5 
1.4 
0. 14 


0.42 
.04 
.004 
. 001 
.0004 
. 00004 


n Uefercnce 9 "Space and Planetary Environment Criteria 
Guidelines for use in Space Vehicle Development," NASA 
TM-82501 and (10) "Models for the Trapped radiation 
Environment" NASA SP3024. 





























TABLE 5. - SP-100 - 2 km TETHER /TRANSM IS S ION 
LINE SPECIFICATIONS 



100 kWe 


1000 kl 

Electrical 




voltage, kV 

A. 5 

5.6 

7.8 

current each leg, A 

7.4 

17.9 

42.7 

resistance (ohm/km) 

1.804 

1.154 

0.5C3 

(round trip olims) 

7.216 

4. 616 

2.356 

capacitance picofarud/km 

556 

556 

556 

inductance henry /km 

10" 12 

10“ 12 

10“ 12 

Thermal (250 °K background) 




surface temperature, °K 

253 

259 

273 

core temperature, °K 

270 

304 

353 

Mechanical 




Mass, 3 tubes with bumper 

660 

1050 

1841 

mounting rings and spacers 

85 

140 

240 

vacuum equipment 

100 

160 

308 

Total mass of assembly 

845 kg 

1350 kg 

2389 kg 

Stress, (nominal, 500 km 




circular orbit) 

24.7 psi 

37 psi 

53 ps 

Meteoroid Hazard 




Survival Probability 




(10 yr mission) 




individual tube 

.810 

.827 

.833 

3 out of 3 surviving 

.531 

.566 

.572 

2 out of 3 surviving 

.904 

.921 

. 923 

1 out of 3 surviving 

.992 

.995 

.995 









TABLE 6. - TETHERED S P-100 REACTOR POWER SOURCES 



100 kWn | 

300 kWc 

1000 kk 

Mass, kg 




reactor 


510 

685 

shield (instrument rated, 


B48 

1425 

shaped shadow, 
uniform dose plane) 




PCS and heat transport 

1010 

2460 

6950 

radiator 

730 

2190 

7300 

power processing (includes 

800 

1800 

4500 

HV dc/dc and inverters) 




a tructure 

270 

620 

1700 

ttther/transmission line 

845 

1350 

2389 

assembly 




Total 

4580 

9780 

24950 

Drag crosB section, m^ 




SP-100 

22 

66 

218 

tether 

180 

200 

220 


Total 


202 


266 


430 







Figure 1. - Space station reference configu- 
ration IOC. 
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Figure 2. - SP100 Reactor Power System. 
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(a) Reactor Near Space Station CG ('Submarine' Concept). 
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(b) Boom-Mounted Reactor System. 
Figure 4. 









Figure 8. - Plasma density and breakdown voltage vs. altitude. 
FrocTi Kennerud (rel. 13) "High Voltage Solar Array Experi- 
ments'' NASA CR 1?1?80 (Boeing). 
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Figure 9. - Coaxial transmission tube. 
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Figure 10. -Manned space station connection to nuclear power system. 
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(b) Electrostatic shield provides flashover protection. 
Figure 11. 'Cutaway view of transmission tube and separators. 
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Figure 13. Mi nimum weight two-sheet alum- 
inum barrier to prevent penetration (from 
ref. 22). 
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Figure 15. - Space transmission line. 
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